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Abstract 38 
Northern Chile is a region characterised by an extremely dry climate; however, there is a brief rainy season 39 
from December to March (austral summer), mainly above 3000 m a.s.l. It is interesting to consider where 40 
the humid air masses that generate such rain come from. For this purpose, daily precipitation data from 161 41 
meteorological stations located in this area (18ºS to 19ºS) were considered, and four clusters formed by k-42 
means clustering. For each cluster, days of extreme precipitation (above 90th percentile) were selected to 43 
obtain flow strength (F), direction (D), and vorticity (Z) for each event according to the Jenkinson and 44 
Collison (JC) method. The back trajectory, for the previous 72 h, of air masses affecting the centroid of 45 
each cluster was determined by means of the Hybrid Single-Particle Lagrangian Integrated Trajectory 46 
(HYSPLIT) model. The analyses were carried out at sea level (1013 hPa) and in the middle (500 hPa) and 47 
upper (250 hPa) troposphere. Surface circulation was not a determining factor in the occurrence of extreme 48 
events, but it did influence circulation at 500 and 250 hPa. For stations located in the northern Altiplano, 49 
moisture advection from the Amazon basin is evident due to the configuration of the Bolivian high—an 50 
upper level anticyclone that develops over the Bolivian Altiplano during austral summer. For stations 51 
located in the southern part of the study area, the main source of moisture is the Pacific Ocean, and the 52 
weather is related to the arrival of frontal systems and to the configuration of cut-off low pressure systems 53 
in the mid-troposphere. 54 
 55 
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1. Introduction 61 
The Atacama Desert is one of the most arid regions in the world, covering a vast area including parts of 62 
Chile, Argentina, Bolivia, and Peru. In addition to severe aridity, this region is characterised by complex 63 
orography. This is the case in Northern Chile (17ºS to 29ºS), a region with an extreme elevation gradient 64 
between the Pacific Ocean on the west and the ranges of the Altiplano and Andes mountains (Fig. 1, 65 
Sarricolea et al. 2017a). Arid regions, such as the one studied here, are more sensitive to climate change 66 
(Donat et al. 2016; Shukla et al. 2019). Coastal deserts such as the Atacama are also affected by cold sea 67 
currents (in this case, the Humboldt Current) contribute to the scarcity and irregularity of rainfall (Bombi 68 
2018; Rohde et al. 2019). In addition, rainfall projections in arid regions contain a high degree of uncertainty 69 
at regional and local scales (Williams 2017; Baez-Villanueva et al. 2018). This lack of consistency is 70 
characteristic of extremely high dry areas located at low latitudes (Kirtman et al. 2013), such as that found 71 
in northern Chile (Castino et al. 2017). 72 
For example, rainfall exhibits irregularity at different time scales, from daily to multidecadal (Falvey and 73 
Garreaud 2005; Valdés-Pineda et al. 2018; Kock et al. 2020), that correspond to different mechanisms and 74 
the influence of the Andes mountains, which divide northern Chile into a coastal area in the west—under 75 
the influence of cold dry winds from the Pacific Ocean (Houston and Hartley 2003)—and a continental 76 
area in the east—influenced by warm wet easterly winds blowing from the Amazon basin (Garreaud 2009). 77 
The Andes mountains have a significant influence on moisture transport as well (Insel et al. 2010). 78 
 79 
 80 
Figure 1. Map showing the topography of the study area and locations of the 161 meteorological stations 81 
employed (left), and the spatial distribution of mean annual precipitation (right) between 1950 and 2000 82 
(Pliscoff et al. 2014). 83 
 84 
The El Niño-Southern Oscillation is one of the mechanisms modulating seasonal and interannual variability 85 
in precipitation in northern Chile (Garreaud and Aceituno 2001; Valdés-Pineda et al. 2015). The frequency 86 
of El Niño and La Niña events may change under various global warming scenarios as will its influence on 87 
the irregularity of precipitation (Marjani et al. 2019). On an intraseasonal scale, precipitation responds to 88 
the configuration of the Bolivian high, an upper-level anticyclone (250 hPa, Meseguer-Ruiz et al. 2019a), 89 
which develops during the austral summer over the Bolivian Altiplano, a high plateau region of the Central 90 
Andes. The proximity of the Bolivian high to the upper troposphere triggers the South American monsoon 91 
(Sarricolea and Romero 2015).  92 
Changes in atmospheric circulation patterns modify precipitation patterns as well, contributing to 93 
irregularity in precipitation in this area. Some conclusive changes have been identified. A northward shift 94 
of the inter-tropical convergence zone (ITCZ) has been linked to changes in rainfall patterns in the Amazon 95 
basin (Schneider et al. 2014; Zappalá et al. 2018; Green et al. 2019). On a monthly scale, extreme events 96 
are linked to convection in the western Amazon basin during the wet season (Segura et al. 2019). 97 
The wet season in northern Chile occurs in austral summer (between December and March). An increase 98 
in precipitation during this season is explained by an increase in vertical air instability and convection 99 
resulting from increased solar radiation and enhanced by topography (Junquas et al. 2016, 2018). At upper 100 
levels (250 to 200 hPa), the Bolivian High, related to the South American monsoon, introduces a humid 101 
easterly air mass from the Amazon Basin, which exhibits decadal and interdecadal variability (Segura et al. 102 
2016, 2020; Vasconcellos et al. 2020).  103 
In the south of the study area, precipitation is also influenced by westerly flows linked to cut-off low 104 
pressure configurations in the mid-troposphere (500 hPa, Garreaud 2009). Different mechanisms occur at 105 
different tropospheric levels, and changes in tropospheric circulation modify the trajectories of the air 106 
masses, originating precipitation. 107 
There remain many questions regarding the mechanisms operating at different tropospheric levels, the 108 
origin of the air masses that produce rainfall events (especially extreme rainfall events), and the origin of 109 
moisture. This is important because water is a very scarce resource in northern Chile (Sarricolea et al. 110 
2017b). Various factors, including mining urbanisation, have increased the demand for water based on the 111 
development strategy proposed by the country for the period 2017–2022 (Chilean Government 2015). 112 
However, this development strategy ignores potential future water supply problems, partly because 113 
precipitation projections can be misleading, exhibiting consistency at large spatial scales, but displaying 114 
significant uncertainty at local and regional scales (Power et al. 2012). 115 
Factors causing extreme precipitation depend on physical parameters such as moisture availability, vertical 116 
stability, and event duration (Barlow et al. 2019). These factors in turn depend on mechanisms operating at 117 
different tropospheric levels and the origin of the air masses involved in such atmospheric processes (Chen 118 
and Zhai 2016). Meseguer-Ruiz et al. (2020) showed that daily precipitation anomalies in northern Chile 119 
were caused by changes in sea level pressure (slp) and geopotential height anomalies, but no research has 120 
been conducted regarding extreme precipitation. 121 
The goals of this study were: 1) determine the origin of the air masses involved in daily extreme rainfall 122 
events (greater than 90th percentile of non-zero daily precipitation) in northern Chile, and consider the 123 
strength, direction, and vorticity of the flow at three different tropospheric levels (slp, 500 hPa and 250 124 
hPa) and 2) identify dominant moisture sources and pathways for each coherent region defined by back 125 
trajectories for the summer season according to the HYSPLIT model. 126 
The present study states as follows. Section 2 describes the dataset quality control, the cluster analysis 127 
carried out, the calculation of the strength, direction and vorticity of the flow, and the HYSPLIT set-up. 128 
Section 3 presents the main results of the study and their comparisons with other studies. Their discussion 129 
was drawn in section 4, along with the conclusions. 130 
 131 
2. Data and methods 132 
To accomplish our objectives, we first validated data quality. Next, we performed a cluster analysis to 133 
identify areas of homogeneity within the study area. Once this step was completed, we selected the closest 134 
meteorological station to each cluster centroid and determined the values of the independent variables 135 
required for JC classification: direction (D), strength (F), and vorticity (W) (Meseguer-Ruiz et al. 2019b). 136 
Back trajectories were obtained for each day of extreme precipitation (in the 90% percentile) and for each 137 
reference station using the HYSPLIT model (Stein et al. 2015). 138 
 139 
2.1. Data quality 140 
Daily rainfall records from 161 stations across the study area for the period 1 January 1966 to 31 December 141 
2015 comprised the dataset Quality control was performed using Climatol version 3.0 package in R 142 
software (Guijarro 2016), which uses normal ratio values (data divided by the mean of its series) from the 143 
closest precipitation data to build reference series for all stations. Differences between the observed and 144 
reference series were used to test data quality by outlier detection, and their homogeneity was assessed 145 
using the Standard Normal Homogeneity Test (SNHT) (Alexandersson 1986). At the same time, undoing 146 
the normalisation of the reference series provides estimations to fill in missing data in the series. The 147 
monthly aggregates of the series allowed to detect significant shifts in the mean. For arid climates, daily 148 
series show a high degree of variability, so detection of variations in the mean is very difficult (Vincent et 149 
al. 2002). These data were previously used and results published in a related study (Meseguer-Ruiz et al. 150 
2019a). 151 
 152 
2.2. Cluster analysis 153 
Cluster analysis using the k-means method of the data from 161 meteorological stations differentiated four 154 
distinct groups as a function of latitude, longitude, and accumulated rainfall, and the station closest to the 155 
centroid of each cluster was selected, one from each group. The decision to use four groups was based on 156 
the conclusions obtained in previous studies, and according to the altitude, latitude, terrain slope and 157 
orientation, distance to the Amazon Basin and concentration of the daily precipitation (Baltazar Fernandez 158 
and Meseguer-Ruiz 2019, Meseguer-Ruiz et al. 2019a). 159 
To determine whether these groups depend on geographical location or on the amount of daily accumulated 160 
rainfall, the cluster analysis was reanalysed 1000 times by randomly rearranging accumulated rainfall 161 
values corresponding to each location while maintaining latitude and longitude. The resulting cluster 162 
assignments were compared with the original by summarising the agreement between groups by station and 163 
by cluster. 164 
 165 
2.3. D, F and Z calculation 166 
The JC method of classification (Jenkinson and Collison 1977) is an objective classification of weather 167 
types and one of the most popular methods used to link atmospheric circulation and precipitation. It is an 168 
automated method that determines the type of atmospheric circulation from atmospheric pressure reduced 169 
to sea level in a day and can be adapted to different tropospheric levels (Meseguer-Ruiz et al. 2019b; Miró 170 
et al. 2020). Due to its simplicity, this method has been applied in many regions worldwide (Casado and 171 
Pastor 2016; Putniković et al. 2016; Fealey and Mills 2018; Putniković and Tošić 2018). The JC 172 
classification system derives from the values of and relationships between flow strength (F), flow direction 173 
(D), and vorticity (Z). Because of its simplicity, the system is also well-suited to evaluate the representation 174 
of weather types over Europe in a suite of climate model simulations (Otero et al. 2018). The behaviour of 175 
these variables has been linked to variability in precipitation intensity, focusing on the circulation vorticity 176 
in high elevation areas, such as the Tibetan Plateau (Li et al. 2019). 177 
The variables which to be determined are the zonal component of the geostrophic wind (W), the meridional 178 
component of the geostrophic wind (S), the wind direction (D) in azimuthal degrees, the wind speed (F) in 179 
m/s, the zonal component of vorticity (Zw), the meridional component of vorticity (Zs), and the total 180 
vorticity (Z). These values were calculated at three tropospheric levels: slp, 500, and 250 geopotential 181 
heights, according to a 9-point grid (Fig. 2). The atmospheric pressure and geopotential height data were 182 
obtained for the 1966–2015 NCEP/NCAR Reanalysis Project (Kalnay et al. 1996). The analytical 183 
expressions adjusted for northern Chile are as follows: 184 
 185 
𝑊 = 0.25[(𝑃1 + 2𝑃2 + 𝑃3) − (𝑃7 + 2𝑃8 + 𝑃9]      (1) 186 
 187 









          (4) 192 
 193 
𝑍! = 1.273[(𝑃1 + 2𝑃2 + 𝑃3) − (𝑃4 + 2𝑃5 + 𝑃6)] − 0.829[(𝑃4 + 2𝑃5 + 𝑃6) − (𝑃7 + 2𝑃8 + 𝑃9)]194 
           195 
           (5) 196 
 197 
𝑍" = 0.830[0.25(𝑃1 + 2𝑃4 + 𝑃7) − 0.25(𝑃2 + 2𝑃5 + 𝑃8) − 0.25(𝑃2 + 2𝑃5 + 𝑃8) +198 
0.25(𝑃3 + 2𝑃6 + 𝑃9)]         (6) 199 
 200 
𝑍 = 𝑍! + 𝑍"          (7) 201 
 202 
 203 
Figure 2. Location of the points used to determine the F, D and Z values. 204 
 205 
First, we applied this methodology to obtain the behaviour of the independent variables (D, F, and Z) at 206 
three different tropospheric levels: SLP, 500 hPa, and 250 hPa. To calculate D, F, and Z at SLP, it is directly 207 
given by the above mentioned equations. For 500 hPa and 250 hPa levels, geopotential elevations were 208 
used. In this case, F and Z cannot be expressed in the same units or with the same range of magnitude as 209 
for the surface analysis because their calculation was based on geopotential height, but they do reference 210 
the above-ground flow behaviour, as shown in a study by Meseguer-Ruiz et al. (2019b). The selection of 211 
the JC classification method responds to its reliability determining the frequency behaviour of F, D and Z, 212 
and because it can be applied at different tropospheric levels and latitudes (Meseguer-Ruiz et al. 2019b). 213 
 214 
2.4. Back trajectories 215 
The HYSPLIT model from NOAA (Draxler and Hess 1998) allows computation of simple air particle 216 
trajectories as well as simulations of transport, dispersion, and deposition (Stein et al. 2015). The HYSPLIT 217 
model is one of the most widely used in atmospheric sciences to determine the origin of air masses and 218 
define the source-receptor linkage (Gustafsson et al. 2010; Fleming et al. 2012). The use of gridded climate 219 
data allows the HYSPLIT model to define a pathway for an air parcel arriving at a specific location at a 220 
given time on a particular date (Tan et al. 2018). 221 
We used NOAA’s HYSPLIT model to determine the back trajectories. Meteorological data were obtained 222 
from the NCEP/NCAR Reanalysis database with 2.5 degrees resolution. Due to the orographic complexity 223 
of the study area, the set-up of the model was based on mean sea level: 0 m at SLP, 5500 m at 500 hPa (to 224 
identify possible cut-off lows), and 12,000 m at 250 hPa (to identify the Bolivian High). With these settings, 225 
we obtained the back trajectories for 72 h, departing at 18:00 UTC-4 for each of the rainiest (90th percentile) 226 
days for the reference series of each cluster for the 1966–2015 period, following the methodologies applied 227 
by Gustafsson et al. (2010) and Bracken et al. (2015), but considering a 72 h pathway. 228 
 229 
3. Results 230 
3.1. Grouping based on the daily rainfall  231 
A cluster analysis that accounted for the latitude and longitude of the stations and the mean annual 232 
accumulated rainfall was performed. This procedure used a multivariate analysis with the aim of 233 
differentiating the various observatories into groups with a high degree of external heterogeneity and 234 
internal homogeneity. The final centres of the three variables considered in each cluster are listed in Table 235 
1. The differences between the factors considered in each cluster were significant (> 99%), which 236 
demonstrates external heterogeneity and internal homogeneity. The groupings are shown in Figure 3. 237 
 238 
 239 
Figure 3. Stations grouping together after the cluster analysis 240 
 241 
Table 1. Reference stations for each cluster (closest to the cluster’s centroid). 242 
Cluster Station Altitude (m a.s.l.) Latitude (º S) Longitude (º W) 
1 Portezuelo Chapiquia 4,375 18.32 69.47 
2 Los Loros 940 27.83 70.11 
3 Ujina 4,300 20.97 68.63 
4 Iquique 50 20.21 70.13 
 243 
The next analysis was performed to confirm that geographical constraints were not the sole cause of the 244 
clusters obtained (Fig. 3), but clustering also depended on precipitation. After 1000 iterations to compute 245 
simulated clusters with randomly rearranged precipitation values, comparison with the original groups 246 
showed that the clusters were not the same in any simulation. The mean coincidence of each cluster group 247 
between the original and the iterated cluster analysis by station (Fig. 4) was less than 35%. When we 248 
considered the percentage of stations that coincided with the original clusters (Fig. 5), the average of all of 249 
them is near zero. The iterated cluster analysis showed that the grouping was not solely geographic. 250 
Longitude and latitude could have influenced cluster 1, but not exclusively. Instead, clustering mainly 251 
depended on daily rainfall values. The observatories at Portezuelo Chapiquia, Los Loros, Ujina, and Iquique 252 
were selected as representative of clusters 1, 2, 3 and 4, respectively. 253 
 254 
 255 
Figure 4. Number of cluster coincidences by stations between observed and simulated in the cluster analysis 256 
(grey bars) after 1,000 iterations. Red dashed line shows the mean number of coincidences and upper and 257 
lower dashed blue lines show the 95th and 5th percentile, respectively. 258 
 259 
 260 
Figure 5. Boxplot of the percentage of coincident stations by clusters in the same analysis 261 
 262 
3.2. D, F and Z frequency behaviour 263 
The frequency of D, F, and Z was expressed as the kernel density for all the rainy days and for the extreme 264 
precipitation events for each cluster at each of three tropospheric levels (Fig. 6). 265 
At slp, the most frequent D for rainy days in the period 1966–2015 had a southerly component. Flow F 266 
ranged from 6 to 8 m/s, and Z had frequent positive values that varied between 8 and 11 (black lines). 267 
Considering extreme precipitation events, cluster 1 showed a clear predominance of a southerly component 268 
for D between 180º and 195º, and F values were approximately 6 m/s. Z values (always positive) were most 269 
frequent at 10 (green lines). Cluster 2 shows a high frequency at 200º, not centred at 180º, but with some 270 
cases at 25º and 130º, and a lower frequency for rainy days. F values exhibited a wide distribution from 271 
low flow strength (0 to 3 m/s) to high flow intensity (>15 m/s). The highest frequency for Z values was 10, 272 
but the important frequencies were negative values (from -10 to 0). Clusters 3 and 4 showed the same 273 
dominant southerly component, and flow strengths were most frequent for 7 and 7.5 m/s, respectively. The 274 
Z values for both clusters were almost always positive (with very few negative values), and more frequent 275 
for values around 13 in both cases. 276 
 277 
 278 
Figure 6. Variation of D, F and Z at slp, 500 hPa and 250 hPa for all the rainy days (black line) of the study 279 
period (1966-2015) and for the days of extreme precipitation in each cluster (coloured lines) 280 
 281 
At 500 hPa, the most frequent flow direction was between 290º and 315º, F values were less than 50 m/s 282 
and Z values were slightly negative for rainy days. Meanwhile, cluster 1 showed a higher frequency with 283 
respect to D, ranging from 345º to 000º, as well as for clusters 3 and 4, but with some flows coming from 284 
all directions; while cluster 2 showed a clear predominance for a frequency centred around 300º. Regarding 285 
F, all the rainy days and clusters 1, 3, and 4 exhibited high frequencies for low F values. Cluster 2 showed 286 
a different behaviour for extreme precipitation events and all events with high F values. Regarding vorticity, 287 
for all the rainy days and in all the clusters, Z exhibited a negative behaviour. Cluster 2 showed the most 288 
frequent Z for null values but reached high positive values as well. 289 
At 250 hPa, the reference period exhibited a clear component for D centred at 300º, F values were frequent 290 
in the range of 75 to 100 m/s, and Z values were frequently in the negative range. Cluster 1 showed a 291 
predominance for 300º, as well as cluster 3 and cluster 4, both of which centred around 315º. Cluster 2 also 292 
centred at 300º, and showed more affinity for this direction than the other clusters. Regarding F, all the 293 
rainy days showed light strength, and the frequency increased for clusters 1, 3, and 4, all centred at 50º. 294 
Cluster 2 showed very high frequency for F, ranging between 200 and 400 m/s. The vorticity presented 295 
negative values in all cases, but rainy days and clusters 1, 3, and 4 showed some slightly positive cases, 296 
while cluster 2 showed fewer negative cases, but only a few positive and very positive ones. 297 
 298 
3.3. Back trajectories analysis 299 
At the surface level and for cluster 1 (Fig. 7a), the south-south-west component trajectories predominated, 300 
with those coming from the north-east appearing as the second most predominant component. Thus, a 301 
greater influence of flows from the Pacific than from the Amazon basin is highlighted. For cluster 2 (Fig. 302 
7b), in addition to a fewer number of days of intense precipitation, it is also important to note that most of 303 
these days indicate a pathway from the north, and very few days with trajectories from other quadrants. 304 
Cluster 3 (Fig. 7c) shows a dominance of flows from the south-east, with a small number coming from the 305 
north-east from the Amazon basin and the Bolivian Altiplano. The same is true for cluster 4 (Fig. 7d), with 306 
a majority of trajectories marking a southerly component that eventually turns eastward. In this case, the 307 
trajectories coming from the Bolivian Altiplano are testimonial to their frequency. Summing up, in clusters 308 
1, 3, and 4, the rainiest days have mainly southerly component trajectories at SLP; the opposite direction is 309 
true for cluster 2. 310 
At 500 hPa, cluster 1 (Fig. 8a) shows a large number of trajectories coming from the Bolivian Altiplano, 311 
although they also come from the Pacific. At the same time, it is intuitive how the latter are affected by an 312 
anticyclonic turn and would describe a trajectory that intercepts the continental area. It is interesting to note 313 
that the two longest trajectories coming from the Pacific show a cyclonic turn.  314 
Cluster 2 (Fig. 8b) shows how in the middle troposphere, intense precipitation occurs with predominately 315 
westerly flows, but with some flows coming from the north, although to a lesser extent. This cluster shows 316 
clear differences from the others when analysing the length of the described trajectories: the air mass that 317 
arrives at 18:00 UTC-4 on a day with extreme precipitation at the reference station in this cluster; 72 h 318 
earlier and far away (perhaps thousands of kilometres), over the Pacific Ocean. Cluster 3 (Fig. 8c) shows 319 
almost all the trajectories originating in the Bolivian Altiplano 72 h prior to extreme precipitation events in 320 
the Atacama Desert. The same is true for Cluster 4 (Fig. 8d), where a concentration of trajectories over the 321 
same area referred to for the previous cluster is evident, and in addition to a significant number of 322 
trajectories originated in the Amazon basin. 323 
For the high troposphere (250 hPa) at cluster 1 (Fig. 9a), the back trajectories predominate over the Bolivian 324 
Altiplano, but this time they completely transcend the limits of that area and affect a large portion of the 325 
Amazon basin in northern Argentina, eastern Bolivia, western Paraguay, and Brazil. Trajectories 326 
originating in the Pacific Ocean and southern Peru also appear. For cluster 2 (Fig. 9b), all the back 327 
trajectories originated from the Pacific Ocean and have a westerly component. The case for clusters 3 (Fig. 328 
9c) and 4 (Fig. 9d) is similar to that of cluster 1, with the trajectories predominately over Bolivia, but in 329 
both cases, transcending this boundary and affecting the Amazon basin and Pacific Ocean regions. 330 
 331 
 332 
Figure 7. Back trajectories for each cluster for days with torrential rainfall at slp for a) cluster 1, b) cluster 333 
2, c) cluster 3, and d) cluster 4 334 
 335 
 336 
Figure 8. Back trajectories for each cluster for days with torrential rainfall at 500 hPa for a) cluster 1, b) 337 
cluster 2, c) cluster 3, and d) cluster 4 338 
 339 
 340 
Figure 9. Back trajectories for each cluster for days with torrential rainfall at 250 hPa for a) cluster 1, b) 341 
cluster 2, c) cluster 3, and d) cluster 4 342 
 343 
4. Discussion and conclusions 344 
Regarding the behaviour of D, F, and Z, it is evident that the southern region of the study area (cluster 2) 345 
behaved differently from the other clusters. This could be related to the different processes taking place at 346 
this latitude, but also by the less frequent occurrence of extreme precipitation events registered for this 347 
region. 348 
Vorticity exhibits a quite different behaviour compared to the mean values, so it appears as an important 349 
factor that modulates intense precipitation at different tropospheric levels (de Vries et al. 2018; Khansalari 350 
et al. 2020). All the clusters show higher vorticity values in cases of intense precipitation, and agreeing with 351 
the results presented by Li et al. (2019): more intense vorticity and flow intensity, associated water vapour 352 
transport, strong upper-level jet stream, and intense South Pacific high pressure, could contribute to intense 353 
precipitation, which in turn could be related to different flow directions. This is evident at 500 hPa, where 354 
for all clusters, except cluster 2, where torrential events came from all directions. This explains that the 355 
flow direction in the 24 h prior to an event is not that determinant on vorticity, but it is evident that the 356 
Pacific Ocean component plays a key role. 357 
The analysis of the back trajectories at the different tropospheric levels identified behavioural similarities 358 
in clusters 1, 3, and 4, with cluster 2 presenting the greatest degree of difference with respect to the others, 359 
mainly due to the northerly component in D that occurs at the surface and the westerly component that 360 
occurs in the middle and upper troposphere. This agrees with the results presented in Baltazar Fernández 361 
and Meseguer-Ruiz (2019), where the daily precipitation concentration was much more reduced in this 362 
southern coastal region, and likely linked to the more frontal origin of precipitation. Meanwhile, for the rest 363 
of the study area, precipitation showed a convective origin. At these latitudes (25ºS), it is possible that cold 364 
fronts coming from the Pacific Ocean arrive and cause frontal precipitation to occur. 365 
At the surface level, the fact that torrential rainfall caused by flows of oceanic origin is related to the possible 366 
configuration of surface low pressures off the coast of northern Chile that encourage flow of southerly and 367 
then westerly components that provide moisture to the continent (Sarricolea and Romero 2015). Colliding 368 
with the abrupt coastal relief and steep sections of the Andes Mountains, these easterly flows are forced to 369 
ascend rapidly causing precipitation (Junquas et al. 2016, 2018). This phenomenon responds to processes 370 
of a synoptic scale, coinciding with what was indicated in previous studies (Junquas et al. 2016, 2018; 371 
Barlow et al. 2019; Meseguer-Ruiz et al. 2020), or local processes derived from thermal differences 372 
between the continent and the ocean. 373 
In the middle and upper troposphere, the trajectories show an evident origin in the Bolivian Altiplano, 374 
which highlights the influence that relief plays in the configuration of the so-called Bolivian High (Segura 375 
et al. 2016, 2018) and the northward extension of the low level jet stream (Segura et al. 2019), introducing 376 
humid air flow from the Amazon basin that interacts directly with the South American monsoon (Sarricolea 377 
and Romero 2015; Meseguer-Ruiz et al. 2019a). First, this shows the importance of this summertime pattern 378 
in the region (Marengo et al. 2012). 379 
Nevertheless, changes in this system in recent years and those expected in the future (Jones and Carvalho 380 
2013) suggest a lesser influence on precipitation as noted in Segura et al. (2020). The results described in 381 
Segura et al. (2019) suggest that in the northern part of the study area, extremely rainy seasons are linked 382 
to sea surface temperature anomalies in the central equatorial Pacific, but none of the pathways analysed 383 
here allowed us to confirm this statement. 384 
The extreme precipitation events can also be linked to the Madden-Julian Oscillation (MJO) which 385 
propagates anomalies in convection and circulation, with a key role played by the orography in the study 386 
area (Grimm 2019) and agree with the results presented here. In a warmer climate, uncertainties arise 387 
concerning this point because MJO-related precipitation can increase intensity and affect wind in these 388 
regions (Maloney et al. 2019). This phenomenon could be related to changes in the pathways and in the D, 389 
F, and Z at different tropospheric levels that could help to improve predictions of extreme weather in this 390 
region. It is well known that synoptic circulation is better represented by simulation than precipitation. The 391 
mechanisms of tropical-extratropical interactions leading to the occurrence of extreme precipitation are 392 
explained by a vorticity intrusion forcing the incursion of tropical water vapour, in agreement with the 393 
findings of de Vries et al. (2018) for another arid subtropical region. 394 
Torrential rainfall in cluster 2 could be associated with the configuration of cut-off low pressure systems in 395 
front of the continent that would have their evidence in the middle troposphere and would provide flows of 396 
oceanic origin, coinciding with what was proposed by Garreaud (2009) and demonstrated in a study by 397 
Meseguer-Ruiz et al. (2020). These results show that extreme precipitation over northern Chile mainly 398 
results from the effects of synoptic scale in the north, and large-scale atmospheric circulation in the southern 399 
coastal region. This also agrees with the results presented by Segura et al. (2020), who stated that easterly 400 
circulation in upper levels no longer correlates with precipitation, and suggests that this region may have 401 
experienced a change in the dominant mode of atmospheric circulation. 402 
Different regions across northern Chile show distinct patterns of pathways in timing for 24 h of extreme 403 
precipitation, but it is difficult to make a statement about which processes explain the gain of specific 404 
humidity from the present pathway analysis due to differences in criteria when considering the origin time 405 
of the different pathways as compared to other similar studies (Gustafsson et al. 2010, Bracken et al. 2015), 406 
in which times varied from 15 to 32 h. Thus, consideration of the lag time from the initial conditions that 407 
eventually produced the extreme precipitation event is highly relevant to determine the pathway followed 408 
by the relevant air masses. 409 
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